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Keywords: 


Delamination wear has more influence on the wear behavior and surface properties of carbon strip comparing 
with other wear mechanisms under high-speed current-carrying conditions. The arc discharge between the 
contact pairs, the wear characteristics of contact strip and the conductivity of the worn surface of the carbon 
strips were studied under high-speed from 100 km/h to 350 km/h, current-carrying of 250A and different normal 
loads. The worn morphology of the carbon strip was observed utilizing a scanning electron microscope (SEM). 
The experimental results show that the increase of arc discharge obviously changes the wear mechanism of the 
contact strip and the strength of the arc discharge directly determines the occurrence of the delamination wear. 
Besides, the values of the wear rate of the carbon strip are different significantly due to the difference in wear 
mechanism of the contact strip. Moreover, the delamination wear increases the resistivity of the surface of the 
contact strip. To minimize the wear rate of the contact strip and maintain a good conductivity, the applied 
normal load should close to arc discharge suppressive load, which was increased with the increasing of the 
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sliding speed. 


1. Introduction 


The pantograph-catenary system, as an important part of the high- 
speed rail system, provides a strong traction power for high-speed 
operation of electrified trains. When the train runs at high speed, the 
strong current flows from the contact wire to the contact strip, which 
requires contact strips be highly conductive and resistant to wear. 
Featuring excellent mechanical strength, conductivity and wear resis- 
tance, pure carbon contact strip is widely used in the pantograph- 
catenary system of electrified railways [1]. Over the years, carbon 
contact strip has been used popularity in China, France, and especially in 
Germany. Much research has been done some studies on the friction and 
wear characteristics of the pure carbon contact strip, which reached 
significant results [2-24]. The researches mainly include mechanical 
wear, electrical wear and abnormal wear (e.g., arc erosion) [2,3,5,10, 
14]. However, there are few reports on the delamination wear of pure 
carbon contact strip. The studies on delamination wear are mainly 
focused on metal materials [7,8]. For example, Suh N.P. established a 
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theory which is based on the behavior of dislocations at the surface, 
sub-surface crack and void formation, and subsequent joining of cracks 
by shear deformation of the surface and predicts qualitatively that the 
wear particle shape is likely to be thin flake-like sheets and that the 
surface layer can undergo large plastic deformation [7]. These studies 
also show that delamination wear of the metals is one of its common 
wear forms on some certain working conditions, and there has been a lot 
of research experience on delamination wear of metal. However, the 
study on the pure carbon strip is insufficient. Some scholars observed the 
delamination wear of pure carbon contact strip in the high-speed elec- 
trical contact slides [9,11], but failed to explain the cause of the 
phenomenon. 

This paper studies the delamination wear mechanism of pure carbon 
contact strip on a high-speed current-carrying wear tester, and testes the 
conductivity of the worn surface of the pure carbon contact strip. The 
test results provide a method to reduce the wear rate of pure carbon 
contact strip with an electrical sliding speed up to 350 km/h, and lay the 
theoretical basis for the current-carrying stability design of pantograph- 
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catenary system. 
2. Test procedure 
2.1. Test equipment 


Fig. 1 shows the high-speed ring-strip current-carrying wear tester 
whose core parts include the rotational disc, contact strip holder, AC 
power, and control console [9]. The contact strip is mounted on a con- 
tact strip holder that can be slid up and down in the vertical direction 
and is in contact with a rotating disc that rotates in the horizontal di- 
rection. The arrangement simulates the lateral stagger sliding of the 
pantograph contact strip in existing railways. The electric servo actuator 
presses the contact strip towards the contact wire, which creates a stable 
normal force between the contact strip and contact wire in the range of 
10-300 N. The normal load is controlled by the electric cylinder and the 
Servo drive system torque. The normal load was applied perpendicular 
to the contact surface. The AC power can supply the power at the voltage 
of 100-2,000 V, and current of 10-800A. The rotational disc slides at 
0-400 km/h relative to the contact strip. 


2.2. Test materials and conditions 


The pure carbon strip in the test was taken from the contact strip 
material commonly used in the current electrified railways, which is 
made by powder metallurgy method. The contact strip material was cut 
into 120mmx34mm x 25 mm rectangular specimens to satisfy the size 
of the strip holder on the tester. The carbon strip sample is composited 
by 96% C, the balance S, N, Cl. The roughness of the strip samples is 
about Ra = 1.6m. 99.9% pure copper contact wire was adopted in the 
test. The width of the wire 1.135 cm. The roughness of the contact wire 
is about Ra = 3.2 um. The contact wire was wound around the 
1,100 mm rotational disc. Table 1 lists the chemical compositions of 
the contact strip and contact wire. 

Prior to the test, the contact strip samples were pre-grinded with #60 
sandpaper and installed on the strip holder. Under electrically neutral 
conditions, the contact strip and the wire ring were pre-grinded for 
60s at a low speed so that the two items were in good contact and under 
uniform load. The pre-grinded contact strip specimens underwent the 
current-carrying friction-wear tests for 30min. The current was 250A, 
the sliding speed was 100, 150, 200, 250, 300 and 350 km/h, and the 
normal load was 70, 80, 90, 100, 110, 120, 130, 140 and 150 N. The test 
conditions are shown in Table 2. Each test was repeated three times 
under the same condition and the average value the three values were 
calculate to present the final value, which ensures the test result is 
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Table 1 
Chemical compositions of the test materials. 


Items Composition 


Pure carbon strip 
Copper wire 


74.52% C, 15.55% graphite, 5.83% O, the balance is S, N & Cl 
98.27% copper, 1.40% silver, 0.33% oxygen and other 


impurities 
Table 2 
Test conditions. 
Items Conditions 
Sliding speed v (km/h) 100, 150, 200, 250, 300, 350 
Power source voltage U (V) 338 
Current I (A) 250 
Sliding distance D (km) 50 


Normal load Fn (N) 70, 80, 90, 100, 110, 120, 130, 140, 150 


correct and stable. 


2.3. Arc energy detection 


Poor contact between the contact strip and the rotational disc may 
produce arc discharge. There is a threshold voltage (critical voltage) in 
each working condition. The off-line arc will occur when the voltage 
generated between two friction pairs surpasses the threshold. The data 
acquisition system can acquire the friction process parameters simulta- 
neously, namely the current, voltage, and times of arc discharge. In 
order to obtain the arc energy of the off-line arc, it is necessary to 
determine the off-line and sampling cycles according to the critical 
voltage (the threshold arcing voltage of each working condition should 
be measured in actual tests), and calculate the total off-line duration 
based on the cycles. The energy magnitude is closely related to the 
voltage, current and arc duration between the ring and the strip. The arc 
energy is calculated by the following formula [10]: 


E= I Uldt (1) 
Based on the energy of the off-line arc, the off-line duration and the 


arc sampling cycle, the average discharge energy of a single arcécan be 
calculated by the following formula: 


$= = (2) 


Where @ is the average discharge energy of a single off-line arc (J); E 


4 


1. Test bench, 2. Conductive shaft, 3. Contact wire, 4. Rotational disc, 5. Driving axle, 6. Driving 


motor, 7. Contact strip, 8. Electric servo actuator, 9. Data acquisition system, 10. Control console, 


11. AC power source 


Fig. 1. Sketch map of the high-speed wear tester. 
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is obtained by integral of the product of voltage and current over time 
(J); U is the difference between the measured voltage between the 
contact strip and the contact wire and the minimum dynamic arcing 
voltage (V); Iis the current flowing through the friction pair between the 
contact strip and the contact wire (A); t is the test time (s); N is the total 
number of arc discharges (i.e. the number of sample points with voltage 
greater than the arcing voltage). 


2.4, Data acquisition and analysis 


Fig. 2 is the sketch map of the data acquisition and analysis system 
[9]. The mass of the contact strip was measured before and after the test. 
The wear rate of the contact strip was deducted according to the mass 
difference. To get the arc discharge energy, the voltage and current 
between the contact strip and the contact wire were collected and 
recorded by the data acquisition system with a sampling frequency of 
10 kHz. Finally, all the collected data were stored on the computer. 


3. Results and discussion 
3.1. Wear mechanisms of the carbon strip 


Arc discharge energy is an important quantization parameter of arc 
discharge. Moreover, the average discharge energy of a single arc is 
commonly used to indicate quantificationally the strength of arc 
discharge within a certain period of time [13], which has a direct impact 
on the contact strip wear differently under different test conditions. In 
this work, the relationship between the average discharge energy of a 
single arc and the surface wear mechanism of the pure carbon contact 
strip was studied. 

Fig. 3 describes the average discharge energy of a single arc and the 
corresponding contact strip surface wear mechanism under different test 
conditions. The variation of the wear mechanism with the average 
discharge energy of a single arc is clearly shown in the figure. When the 
average discharge energy of a single arc is 12 kJ (Fig. 3a), there are 
mainly abrasive wear and other mechanical wears on the surface of the 
contact strip. The scratches along the sliding direction and the wear 
particles are clearly seen in the worn surface and the entire wear surface 
from Fig. 3a is relatively flat without arc erosion. When the average 
discharge energy of a single arc is between 25 kJ and 37 kJ (Fig. 3b-c), 
more and more little arc erosion pits occur on the contact strip surface 
due to arc discharge and distributed on the whole wear surface. The pits 
gradually cover up the traces of mechanical wear as shown in Fig. 3c. 
When the average discharge energy of a single arc is greater than 37 kJ 
(Fig. 3d), bigger erosion pits start to emerge on the surface of the contact 
strip, leaving no observable trace of mechanical wear. Further increase 
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in the average discharge energy of a single arc (Fig. 3e-f) results in the 
thermal cracks, expanding and deepening erosion pits, and an extremely 
uneven wear surface. When the average discharge energy of a single arc 
E reaches 78 kJ, delamination wear occurs, and the material in large 
ablation-induced cavities start peeling off in layers and flakes (Fig. 3g). 
If the average discharge energy of a single arc continues to increase 
(greater than 78 kJ), the delamination wear gradually diffuses from the 
big erosion pits to the entire wear surface (Fig. 3h-i). 

It is clearly observed that the wear mechanism on the surface of the 
contact strip undergoes great changes as the arc discharge gradually 
strengthens. With the increase of the average discharge energy of a 
single arc, the contact strip is subjected to an increasingly severe surface 
wear. It should be noted that the delamination wear, as evidenced by the 
fact that the carbon contact strip peels off in layers and flakes, is not a 
commonplace (Fig. 3g-i). As shown in Fig. 3, there is no observable 
delamination wear on the wear surface of the contact strip when the 
average discharge energy of a single arc is small; the delamination wear 
only appears on the wear surface of the pure carbon contact strip when 
the average discharge energy of a single arc grows to a high level. The 
delamination wear phenomenon of the carbon strip surface is closely 
related to the thermal stress and thermal fatigue of the rubbing surface 
which is caused by the high temperature due to the arc discharge during 
the wear test. It is not difficult to determine that the strong arc discharge 
is one of the main reasons for the delamination wear of the carbon 
contact strip. In other words, the carbon contact strip delamination wear 
can be prevented by controlling the intensity of arc discharge. 


3.2. The interactive relationship between the wear mechanism and the 
wear rate of carbon contact strip 


The contact strip wear rates of the nine different wear mode in 
Fig. 3a-i are statistically analyzed. Fig. 4 shows that the wear rate with 
the increasing average discharge energy of a single arc. Combining the 
results in Figs. 3 and 4, it demonstrates that the values of the contact 
strip wear rate have a greatly variation with the form of the wear sur- 
face. From Fig. 4, the wear rate is divided into three levels. The low-level 
contact strip wear rate occurs when the contact strip wear surface suffers 
mechanical wear and slight arc erosion; the high-level wear rate appears 
when the contact strip wear surface is undergoing delamination wear; 
the medium-level wear rate happens when the contact strip wear surface 
is subjected to severe arc erosion. The wear rate is about 15 mg/km if the 
contact strip wear surface suffers mechanical wear, surged to 37 mg/km 
if the wear surface is hit by delamination wear, and varies in the range of 
19 mg/km~21 mg/km if the wear surface is eroded by the arc. The 
statistics show that the wear rate increases abruptly as the delamination 
wear appears on the contact strip wear surface to almost 3 times of the 


1. AC power supply, 2. AC power cabinet, 3. Current sensor, 4. Contact wire, 5. 
Voltage sensor, 6. Contact strip, 7. Contact strip frame, 8. Acceleration transducer, 9. 
Piezoelectric charge amplifier, 10. Data acquisition, 11. Computer. 


Fig. 2. Data acquisition and analysis system. 
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(c) 6=37kI 
100km/h, 70N 


100pm m 


WD19mm 


(d) ē=46kJ 
250km/h, 150N 


(g) €=78kJ 
350km/h, 150N 


Fig. 3. The variation of wear mechanism with the average discharge energy of a single arc. 


wear rate of mechanical wear and slight arc erosion. Moreover, the 
contact strip wear rate gradually increases with the continuous diffusion 
of delamination wear. From the above results, it can be seen that 
different wear mechanisms lead to different contact strip wear rates. The 
wear is particularly serious at the emergence of delamination wear, 
which further proves that delamination wear is a relatively serious form 
of wear. 


3.3. The variation of the interface temperature T with increasing the 
average discharge energy of a single arc 


The advanced infrared thermometer is installed to measure the 
temperature on the contact surface of the carbon strips. The average of 
the temperature collected by the thermometer is calculated to describe 
the interface temperature on the test condition. 

The interface temperature T of the carbon strip has obvious effect on 
the friction and wear characteristic even material properties of the 
contact pairs during sliding friction process. The variation of the inter- 
face temperature T of the carbon strip with the average discharge energy 


(e) €=54kJ 


(h) ē=86kJ 
350km/h, 110N 


(f) 6=66 kJ 
250km/h, 70N 


(i) €=105kJ 
350km/h, 70N 


of a single arc is shown in Fig. 5. It can be seen clearly that the interface 
temperature T increases with the increase of the average discharge en- 
ergy of a single arc. It worth to pay more attention that the interface 
temperature T increases gradually (from 104°C-185 °C)when the value 
of the average discharge energy of a single arc is smaller than 37 kJ, but 
surged to a high level (1250°C-1720 °C) when the average discharge 
energy of a single arc is bigger than 66 kJ. The temperature T has a 
slowly increase and is caused by mechanical wear because the wear 
mechanism of the carbon strip is mechanical wear and slight arc erosion 
when the average discharge energy of a single arc is below 37 kJ as 
shown in Figs. 3 and 4. However, the temperature T has an obvious 
increase and is mainly caused by arc discharge when the average 
discharge energy of a single arc is between 37 kJ and 66 kJ. Especially, 
the temperature T has a jump-increasing and is caused by the strong arc 
discharge when the average discharge energy of a single arc is bigger 
than 66 kJ. The variation regular of the interface temperature T of the 
carbon strip will be directly relevant to the friction and wear properties 
during sliding friction process. 
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Fig. 5. The interface temperature T with the average discharge energy of a 
single arc @ 


3.4. The relationship between wear mechanism and conductivity of 
carbon contact strip 


As mentioned above, the surface of carbon contact strip exhibits 
different wear characteristics under different test conditions. In this test, 
the conductivity of the carbon contact strip of different wear surface in 
Fig. 3a-i is measured with the four-probe method [15]. Fig. 6 shows the 
surface resistivity of each contact strip with the average discharge en- 
ergy of a single arc €. Combing the results in Figs. 6 and 3, it indicates 
that the contact strip resistivity has a large change as the contact strip 
surface goes through the stages of mechanical wear-slight arc erosion 
wear-arc erosion wear-delamination wear. The resistivity changes with 
the surface wear mechanism of the contact strip. As shown in Fig. 6, 
when the average discharge energy of a single arc € is smaller (between 
16 kJ and 66 kJ), the surface resistivity is nearly unchanged. The smaller 
é leads to the mechanical wear, slight arc erosion pits, arc erosion cav- 
ities, and the wear rate is still the same with that of the intact surface, 
which indicates that mechanical wear and arc erosion have no effect on 
the conductivity of the contact strip. In contrast, the resistivity spikes on 
the contact strip surface suffering delamination wear. It indicates that 
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Fig. 6. The surface resistivity of each contact strip with the average discharge 
energy of a single arc € 


the local resistivity of the contact strip surface where delamination wear 
occurred is much higher than that of the surface where mechanical wear 
and arc erosion occurred. 

Carbon is a conductive material because electrons can move freely 
between the layers of its structure. In this test, delamination wear occurs 
on the surface of carbon contact strip under the effect of strong arc 
erosion, and the delaminated area experiences drastic drop in conduc- 
tivity. The phenomenon indicates that the delamination wear has 
altered the internal structure of the carbon contact strip; the alteration 
impedes the free movement of electrons, resulting in conductivity 
decrease of the carbon contact strip. In addition, the delamination wear 
raised by arc discharge induces the microcrack of the worn surface (as 
shown in Fig. 3) which also influences the conductivity of carbon con- 
tact strip. Hence, arc discharge is an important influencing factor of the 
conductivity of carbon contact strip. Lower arc discharge may inhibit 
delamination wear, and thus reduce the resistivity of the contact strip 
surface. 


3.5. The variation of the arc discharge energy and the method to control 
the arc discharge 


The analysis results of Fig. 6 show that delamination wear is the 
direct cause of the sharp increase in the wear rate of the contact strip, 
and an influencing factor on the conductivity of the contact strip surface. 
Moreover, the previous analysis regards strong arc discharge as a major 
reason of delamination wear, and concludes that reducing arc discharge 
can suppress the occurrence of delamination wear. 

Fig. 7 displays the variation of the arc discharge energy with the load 
at different speed conditions. It can be seen that: when the other con- 
ditions are constant, the arc discharge energy increases with the sliding 
speed. At a constant sliding speed, the arc discharge energy is negatively 
correlated with the load. Therefore, increasing the normal load is one of 
the most direct measures to suppress the arc discharge. It is also 
observed from the figure that: as the normal load grows, the arc 
discharge energy slowly decreases, then suddenly plunges, and even- 
tually tends to decline slowly. The load corresponding to the sudden 
drop of arc energy is defined as the knocking down load, and the load 
corresponding to the beginning of the tendency to slow decline is 
defined as the suppressive load. When the normal load of the test is 
greater than the knocking down load, the arc discharge begins to be 
suppressed to a large extent. 

Fig. 8 is drawn according to the data in Fig. 7, which shows that the 
variation of the critical normal loads (including suppressive load) with 
the increase of the sliding speed. According to Fig. 8, the critical loads 
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Fig. 7. The variation of arc discharge energy with applied normal load at 
different sliding speed. 
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Fig. 8. The variation of critical normal load with different sliding speeds. 


gradually increase with the sliding speed, which indicates that much 
bigger load is required to suppress arc discharge at a faster speed. And 
when there is strong arcing in this study, the main wear mechanism is 
delamination wear which may be surface fatigue caused by thermal 
stress in which instant the high temperature, causing temperature 
gradient induced by arc discharge. Moreover, the arc discharge is caused 
by the vibration of the high rotating speed, so the high normal load can 
reduce or inhibit the arc discharge phenomenon. The increase of the 
normal load could depress arc discharge, control delamination wear, 
and reduce the wear induced by arcing. Nevertheless, higher load also 
increases the mechanical wear. The main wear mechanism is mechani- 
cal wear when the normal load is bigger than the critical suppressive 
load, and that is delamination wear and severe arc erosion when the 
normal load is smaller than knocking down load. In addition, the surface 
resistivity of carbon strip reaches a high level when the arc discharge 
energy is bigger, which will directly decrease the conductivity of the 
carbon strip. Through comprehensive consideration, it is concluded that 
the value of the normal load should approximate the suppressive load to 
minimize the wear rate of the contact strip and maintain a good 
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conductivity of the carbon strip when the speed is unchanged. 


4. Conclusion 
The following conclusions can be drawn from the test results: 


(1) Different wear mechanisms lead to major differences in contact 
strip wear rate, and the delamination wear is a relatively serious 
form of wear. 

(2) The wear mechanism of the contact strip undergoes great changes 
as the arc discharge gradually strengthens; the strong arc 
discharge is one of the main reasons for the delamination wear of 
the carbon strip. The delamination wear of the carbon strip can be 
prevented by reducing the intensity of arc discharge. 

(3) Delamination wear increases the resistivity on the surface of the 
contact strip. 

(4) To minimize the wear rate of the contact strip and maintain a 
good conductivity, the applied normal load should close to arc 
discharge suppressive load, which was increased with the 
increasing of the sliding speed. 
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